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Abstract
The rapid growth of data traffic in mobile communications has attracted
interests to the Multiple-Input-Multiple-Output (MIMO) communication
systems at millimeter-wave (mmWave) frequencies. MIMO systems exploit
active transmitter antenna arrays for higher energy efficiency and providing
beamforming flexibility. The close integration of multiple PAs and antennas
increases the transmitter analysis complexity. Moreover, due to the small
antenna element spacing at mm-wave frequencies, isolators are too bulky
and cannot be used. Therefore, including the effects of interactions bet-
ween the antenna array and PAs is a significant aspect in the analysis of
MIMO transmitters. For large active arrays, applying joint circuit and EM
simulation tools for the analysis is a complicated and time-consuming task.
In these occasions, behavioral models are the key to the fast and accurate
evaluation of active transmitter antenna arrays.
In this thesis, a technique for modeling the active transmitter antenna
array performance is presented. The proposed model considers the effect of
PAs nonlinearity as well as the coupling and mismatch in the antenna array.
With this model, a comprehensive prediction of radiation pattern and signal
distortions in the far-field is feasible. The model is experimentally verified
by a mmWave active subarray antenna for a beam steering scenario and by
performing over-the-air measurements. The measurement results effectively
validate the modeling technique for a wide range of steering angles.
Furthermore, a linearity analysis is provided to predict transmitter per-
formance in conjunction with beam-dependent digital predistortion (DPD)
linearization. The study reveals the model potential in evaluating different
DPD approaches as well as predicting the performance of linearized trans-
mitters. The demonstration shows that the variation of nonlinear distortion
versus steering angle depends significantly on the array configuration and
beam direction.
In summary, the proposed model allows for the prediction of the active
transmitter antenna array performance in the early design stages with low
computational effort. It can provide design guides for developing large-scale
active arrays and can be employed for evaluating the DPD and transmitter
linearity performance.
Keywords: Active antenna array, active impedance, beam steering, far-
field nonlinear distortion, hybrid beamforming transmitter, millimeter wave,
MIMO transmitter, modeling.
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Chapter 1
Introduction
1.1 Background
Nowadays, people, societies, and organizations demand faster and more
reliable communications. The number of fixed and mobile communication
devices are inevitably increasing per year. An estimate by Ericsson [1] shows
that the number of mobile subscriptions will be around 8 billion at the end
of 2025. Among the different generations of radio networks, 5th Generation
(5G) is expected to serve around 2.6 billion mobile subscribers and be the
fastest deployed mobile communication in history [1]. Fig. 1.1 shows the
anticipated growth of mobile and fixed subscription until 2025 [1].
The main spectrum options for 5G in its early phases is sub-6 GHz.
However, the available bandwidth at sub-6 GHz is not enough to meet the
anticipated capacity demands for the 5G era. Therefore, as a complement
to the current sub-6 GHz, vast available bandwidth at mmWave bands,
frequencies between 24 and 71 GHz, is opened up for 5G communications
[1–5]. The benefit of mmWave usage comes at the price of higher propagation
loss. According to the Friis transmission formula, the path loss increases
proportionally to λ−2 (λ is wavelength). [6]. However, the mmWave loss
can be partially compensated by using high gain antennas or large-scale
antenna arrays. Particularly, the use of antenna arrays provides beamforming
flexibility, which is also highly favorable for massive Multiple Input Multiple
Output (MIMO) mobile communications. Therefore, the use of large antenna
arrays are beneficial for increasing signal strength toward the user, overcome
path loss, and higher capacity of MIMO communication [7, 8].
To obtain the most flexibility of beamforming, it is favorable to have an
independent TX/RX RF chain per antenna. This configuration is referred
to as a digital beamforming architecture. Due to complexity and higher
power consumption of a fully digital architecture, there is a growing interest
in implementing hybrid digital and analog architectures for mmWave MIMO
1
Chapter 1. Introduction
 
 
 
2015 2017 2019 2021 2023 2025
0
1
2
3
4
5
6
7
8
9
Mobile subscriptions
Mobile braodband subscriptions
Mobile subscribers
Fixed broadband subscriptions
Mibile PC, tablet and router
Year
Su
bs
cr
ip
tio
ns
 a
nd
 s
ub
sc
rib
er
 (
Bi
lli
on
)
Figure 1.1: Anticipated number of mobile and fixed subscriptions and
subscribers (billions) until 2025 [1].
systems. In hybrid architectures, each RF chain is connected to a subarray
of antennas with an analog beamforming network [9–11]. The number of
users that can be served simultaneously with hybrid structures is thereby
limited to the number of dedicated RF chains. Fig. 1.2 shows the transmitter
of a MIMO system with digital and hybrid beamforming architectures.
Both architectures employ the active antenna array in which each antenna
element is driven by a power amplifier (PA). Traditionally, for an active array,
isolators have been used to eliminate mismatch and unwanted interactions
between PAs and antennas. However, due to the small antenna element
spacing at mmWave frequencies, isolators are too bulky and cannot typically
be used. Therefore, PAs are susceptible to the coming waves from the antenna
array due to mismatch and mutual coupling between antenna elements. In
this condition, including the effects of interactions between the antenna array
and PAs becomes a significant aspect in the analysis of an active transmitter
antenna array.
An accurate prediction of the transmitter performance is crucial in the
early design stage. Particularly, with the aid of an accurate performance ana-
lysis, applying necessary modifications before implementing the transmitter
is feasible. It can be also used for evaluating the compensation techniques
such as Digital pre-distortion (DPD).
Dedicated electromagnetic (EM) and circuit computer aided design
(CAD) simulation tools are available for the design and analysis of antenna
array and PAs individually. However, such a detailed simulation is not
2
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Figure 1.2: Different architectures for a transmitter in a MIMO system. a)
Digital beamforming, b) Hybrid digital and analog beamforming architecture.
suitable for understanding the behavior at transmitters level. Moreover,
applying joint circuit and EM simulation tools is a complicated and time-
consuming task for the analysis of large active arrays. In these occasions, an
analysis approach based on behavioral models of the PA and antenna array is
the key to fast and accurate evaluation of active transmitter antenna arrays.
These models can be obtained from CAD simulation tools or measurements
and must adequately present the performances of the devices. Fig. 1.3
shows the generic analysis framework for the active transmitter antenna
array including signal processing unit, antenna and PA models. The active
transmitter antenna array in this framework is modeled by employing PA
and antenna array models, and considering their interactions.
1.2 Thesis Scope
This thesis attempts to develop a modeling approach for active transmitter
antenna arrays. The modeling approach addresses the joint PA and antenna
effects on the antenna array performance such as radiation pattern and
active input impedance. It also predicts the radiated signal characteristics
such as in-beam nonlinearity and radiation pattern. The work of this the-
sis is intended to be applicable for both digital and hybrid beamforming
transmitters. However, particular attention is paid to the hybrid beam-
forming architecture and beam steering scenarios to show the importance
of considering joint PA and antenna effect in the transmitter analysis. To
3
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Figure 1.3: The analysis framework for an active transmitter antenna array.
validate the proposed analysis, we have performed experiments with a hybrid
beamforming subarray module including a typical beamforming Integrated
Circuits (IC) and a subarray antenna. The experimental validation results
are therefore demonstrated for a beam steering scenario. The transmitter
model is then exploited in a simulation study to predict the linearity of
different array configurations.
1.3 Thesis Outline
This thesis is organized in five chapters. In chapter 2, the theoretical
background of antenna arrays and its basic notation is provided. This
explains the concept of array radiation pattern and beam steering/phased
array in an antenna theory context. With the antenna array theory, the
effect of antenna excitation variations i.e PA outputs, on the radiation
pattern is better understood. Also, it will explain the concept of mutual
coupling and embedded element patterns, which are crucial in the analysis
of active transmitters with coupled antenna elements. In chapter 3, basic
PA characteristics, and a variety of behavioral models are described. First, a
brief introduction to PA fundamental nonlinear characteristic is given. Then,
the nonlinear PA models for transmitters with isolated and coupled paths
are described. In chapter 4 the active transmitter antenna array modeling
approaches are investigated. The existing transmitter modeling techniques
are reviewed and our proposed modeling technique is described. Chapter 5
provides the conclusion of the thesis, main contributions, and future work.
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Chapter 2
Antenna Array Characteristics
An array of antennas is a set of multiple antennas that are working together.
The antenna array is designed such that the combined radiated signal has
desired characteristics [12]. MIMO arrays can be thought of as an antenna
array with advanced adaptive beamforming/signal processing which exploits
the complex surrounding environment to improve performance, e.g. in terms
of channel capacity. Therefore, an antenna array can have a wide range of
architectures and capabilities. However, the underlying operating principle
is common among all configurations and applications.
The antenna elements and excitation network are the two main parts
of every antenna array. The excitation network is responsible for exciting
the antenna elements such that the desired radiation characteristics are
obtained. The array is called passive when the feeding network excites
antenna elements from a common path. The active array is referred to as
an array where each antenna element has a dedicated transmit or receive
feeding path [12]. The active antenna array is more flexible and powerful,
especially for beamforming purposes.
This chapter introduces the basic theory of the antenna array. The
objective is to describe the antenna array concept and more specifically
beam steering/phased array antennas. First, the analysis of the classical
form of an antenna array is described. Then the phased array antenna and
beam steering concept is introduced. In the next part, the effect of mutual
coupling on antenna array performance is discussed. The antenna element
embedded pattern and active impedance are described for analyzing antenna
arrays with mutual coupling.
5
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Figure 2.1: Illustration of a generic antenna array layout in spherical coordi-
nate system (left) and Azimuth/Elevation coordinate system (right); each
antenna element is located in position rn. The element radiated field is En,
and excitation waves are bn.
2.1 Theory of Antenna Array
Consider N antenna elements that are located at rn = xnxˆ+ ynyˆ+ znzˆ, n =
1, 2, ..., N . (xn, yn, zn) is the location of n-th antenna element. rˆ(θ, φ) =
sin(θ) cos(φ)xˆ+sin(θ) sin(φ)yˆ+cos(θ)zˆ shows the vector of observation point
at (θ, φ), see Fig. 2.1. En(rˆ)1 is the element far-field radiation function2
which is represented with respect to the array origin [12]. The radiation
function, also defined as radiation pattern, represents the angular distribution
of the radiated electric field of an antenna in the far-field region [13]. The
radiation pattern is independent of the radial distance from the antenna in
the far-field region. E(rˆ) is the array radiation pattern and is calculated as
E(rˆ) =
N∑
n=1
bnEn(rˆ), with En(rˆ) = Eon(rˆ)e
jk0rn·rˆ. (2.1)
Eon(rˆ) is the element radiation pattern where the origin is on the antenna
element itself, and assuming that the incident input power to the antenna
element is unitary. k0 = 2pi/λ is the wavenumber and bn = Anejφn is the
complex value of the incident power wave to the n-th element with incident
input power equal to P incn =
1
2
|bn|2.
As it can be seen in Fig. 2.1, the (θ, φ) in spherical coordinate system
1E = En(rˆ) is the electric field vector which in cartesian coordinate system can be
written as E = Exxˆ+ Eyyˆ + Ezzˆ.
2Assuming the antenna elements are isolated. The accurate term is the embedded
element radiation function which will be introduced in 2.3.
6
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converts to (Az,El) angle by
sin(El) = sin(φ)cos(θ), (2.2)
tan(Az) = cos(φ)tan(θ).
(2.1) shows that the array radiation pattern depends on the individual
element radiation patterns, positions and incident waves. The physical
geometry of the array determines the first two quantities. However, the
incident power waves are determined by the feeding network e.g. the PA
outputs in an active antenna transmitter. It is common to assume that the
antenna elements have equal radiation patterns. However, under mutual
coupling this assumption is not true. If we assume all antenna elements have
similar radiation pattern, Eo0(rˆ), the array radiation pattern can be written
as
E(rˆ) = Eo0(rˆ)F (rˆ), with F (rˆ) =
N∑
n=1
bne
jk0rn·rˆ, (2.3)
where F is called array factor. The above expression is valid for antenna
arrays where mutual coupling between elements can be ignored.
2.2 Phased Array and Beam Steering
Phased arrays are antenna arrays that can provide electronic beam steering.
Electronic beam steering is performed by applying phase-shifted excitations
to the antenna elements. The beam steering allows pointing the beam toward
specific users for tracking or sweeping a large spatial sector quickly [14].
However, to have a highly directive beam at a specific steer direction, it is
important to design antenna element and array layout properly. Consider
the rˆs is supposed to be the steer direction. By applying the incident
waves according to bsn = Ane−jk0rn·rˆs , the array factor represented in (2.3) is
modified as:
F s(rˆ) =
N∑
n=1
bsne
jkrn·rˆ =
N∑
n=1
Ane
jkrn·(rˆ−rˆs). (2.4)
(2.4) shows that, at the direction rˆ = rˆs, the array factor and consequently
the radiation function is maximum3.
Consider a linear array in which elements are located along the x-axis.
The inter-element spacing is d, and the number of elements is N . Fig. 2.2
3If the antenna element radiation function is not relatively low at rˆ = rˆs.
7
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Figure 2.2: Illustration of a linear (left) and planar (right) phased array;
∆φx is phase shift in linear array. Nx and Ny are the number of elements in
planar array along x and y axis, respectively. φnx,ny is the excitation phase
of corresponding element.
shows the configuration of the linear phased array and its radiation pattern.
Based on the above explanation, the incident waves for steering the beam to
θs is
bsn = Ane
jkrn·rˆs , with rˆs = xˆsin(θs) + zˆcos(θs), (2.5)
rn = ndxˆ.
Therefore, for an equally spaced linear array the phase shifting between
element along the x-axis is obtained as:
∆φx = kdsin(θs). (2.6)
The phase-shifting of the equally spaced planar array can be easily found
using a similar approach. Consider a planar array with element spacing as dx
and dy for the elements along the x- and y-axis. (nx, ny) with nx = 1, ..., Nx
and ny = 1, ..., Ny shows the element index. To steer the antenna array
beam toward (φs, θs), the phase-shifting between elements along the x- and
y-axis are obtained as
∆φx = kdxsin(θs)cos(φs), (2.7)
∆φy = kdysin(θs)sin(φs).
Therefore, the excitation phase of element (nx, ny) is
φnx,ny = −nx∆φx − ny∆φy. (2.8)
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Figure 2.3: Radiation pattern of an 8 × 8 microstrip patch antenna
array in the Els = 0 (x-z) plane. The steer angles are Els = 0;
Azs = −60◦,−30◦, 0◦, 30◦, 60◦.
As an example, Fig. 2.3 shows the radiation pattern of a 29 GHz 8 × 8
microstrip patch antenna array, with 0.5λ element spacing along x and y
directions for different steer angles.
2.3 Effect of Mutual Coupling
Every antenna element is typically characterized in isolation and away from
surrounding bodies. In an array, the antenna element radiation characte-
ristics are strongly affected by the neighboring antennas. The proximity
between antenna elements can strongly change the far-field radiation pattern
and impedance characteristics of each element. These effects are referred to
as mutual coupling and are often undesired in antenna arrays. For weakly
coupled antennas, it is common to assume identical and isolated element
radiation patterns. In a dense array, element radiation patterns can be very
different from one another. Exciting one antenna element induces a current
in the neighboring elements. The neighboring element thereby re-radiate and
subsequently couples to the other antennas. Therefore, the total radiation
pattern due to the radiation of induced current changes. Also, the induced
coupled current to the nearby antenna changes its port impedance. These
effects are dependent on the antenna element excitations and the mutual
coupling level. For an antenna array, the terms embedded element pattern
and active impedance are defined to represent radiation pattern and port
impedance in presence of mutual coupling.
9
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Figure 2.4: The antenna element radiation pattern. a) Isolated element
pattern, b) Embedded element pattern; For a weakly coupled array, the
isolated element pattern and embedded element pattern become similar.
2.3.1 Embedded element pattern
The embedded element pattern is defined as the array radiation pattern when
one element is excited and the rest of the elements are passively terminated
by a matched load, see Fig. 2.4 (b). (2.1) then can be adopted based on
embedded element patterns. In this representation, the mutual coupling
effects are incorporated in the embedded element pattern definition and
consequently into the antenna array radiation pattern [15]:
E(rˆ) =
N∑
n=1
bnE
em
n (rˆ). (2.9)
In this formulation, it is assumed that embedded element radiation pattern
is represented in respect to the antenna array origin. Otherwise, the Eemn (rˆ)
must be modified accordingly.
2.3.2 Active impedance
Each antenna element is characterized solely by its self-impedance. However,
when an antenna element is placed in an array configuration its input
impedance changes due to mutual coupling. The term active impedance
refers to the input impedance of an element when all other array elements
are active or excited. The active impedance varies with array element
excitations and mutual coupling [15, 16]. Therefore, for a phased array it
depends on the steering angle. In principle, the active impedance is different
for each antenna element inside the array. For an array of N elements,
the S -parameter is an N ×N matrix which includes mismatch and mutual
10
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coupling of the array. sn,m are the elements of the array S -parameter matrix.
Considering that the element excitations, bn, are known, the i -th element
active reflection coefficient is calculated as
Γacti =
∑N
n=1 bnsn,m
bi
, (2.10)
and accordingly, the active impedance with reference to Z0 is
Zact,i = Z0
1 + Γi
1− Γi . (2.11)
Zact,i is the antenna port impedance when all other antenna elements of the
array are active.
2.4 Summary
In this chapter, the theoretical background on antenna arrays is briefly given.
First, the fundamental basics and terminology of antenna arrays radiation
patterns are introduced. Then, a short introduction to the phased array is
presented. Phased arrays were presented as a solution for beam steering to
track and maximize energy direct to a user. Finally, the effect of mutual
coupling on the antenna port impedance and the array radiation pattern is
presented.
The analysis of antenna arrays is a well-established topic in the antenna
research area. A variety of EM simulation tools such as CST Microwave
studio and Ansys HFSS are available for highly accurate simulation of
antenna and post-processing of antenna arrays. To analyze large-scale
transmitter performance, a model which adequately represents antenna
array behavior is applied.
11
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Chapter 3
Power Amplifier Modeling
Power amplifiers (PA) play an important role in a wireless communication
systems. The PA principle role is to amplify the signal to be at a suitable
power level for transmission. However, PAs are a major contributor to the
power consumption, signal distortion, and efficiency of the transmitter [17].
To analyze active transmitter antenna array performance, it is critical to
characterize PA behavior properly.
A PA behavioral model is intended to characterize the PA behavior such
as output power, efficiency, etc. as a function of different input variables [18].
To create a behavioral model, it is required to define the model structure,
collect a set of input and output data, and determine model parameters. The
model applicability depends on the model structure. An example could be
static and dynamic models that are developed for the correct prediction of a
single tone or wideband input signals. A variety of PA behavioral models
have been proposed so far for different applications. PA models can be
categorized as single input models and load-dependent models. The latter
have been proposed for MIMO systems where the PA output is subject to
signals coming from other transmit branches.
This chapter presents a brief introduction to the PA nonlinear charac-
teristics, modeling structures, and model identification. The first section
describes important PA characteristics. Then single input and dual input
PA models are introduced in Sec. 3.2 and Sec. 3.3, respectively. Finally,
techniques for model identifications are described and the chapter ends with
a summary.
3.1 AM/AM and AM/PM Characteristics
Power amplifiers are commonly characterized by their gain and phase-shift
as a function of inputs, or output power. These characteristics are called
13
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Figure 3.1: An example of PA AM/AM and AM/PM characteristics. Dis-
persive gray dots show dynamic PA behavior under modulated input signal
with 10 MHz bandwidth [20].
amplitude modulation to amplitude modulation (AM/AM) and amplitude
modulation to phase modulation (AM/PM). The shape of the AM/AM
and AM/PM curves provide insightful information about the PA nonline-
arities [19]. Typically, AM/AM and AM/PM characteristics are obtained
when a PA is excited with a single tone signal. In this case, the AM/AM
and AM/PM curve are a one to one mapping. Under modulated signal
excitation, the instantaneous gain and output phase versus instantaneous
input power is plotted to show dynamic AM/AM and AM/PM characte-
ristics. Therefore, these curves show dispersive data. The dispersion gives
a qualitative indication of the PA memory effects. Fig. 3.1 represents the
measured AM/AM and AM/PM of a class AB PA which is operated at
2 GHz [20].
3.1.1 Memory effect
The PA distortion behavior can be divided into static, or memoryless, and
dynamic categories. Generally, PAs are classified as nonlinear systems with
memory. By definition, the output of a system with memory at any instant
is not only a function of corresponding input but also depends on inputs
at other past instants. The memory effect is an inherent characteristic
of a power amplifier. The PA intrinsic, and extrinsic parasitic elements,
reactive element in matching network, and the transistor junctions are energy
14
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Figure 3.2: Block diagram of a) single path, b) multi path transmitter for
the purpose of PA modeling
storage parts of the PA circuit which cause memory effects. Self-heating
is also another key source of memory effects in PAs [21]. However, for
applications where the input signal is a single tone or a modulated signal
with relatively narrow bandwidth, the memory effects of the PA can be
neglected. This simplification is valid if the amplifier behavior is constant/flat
over the bandwidth of the input signal. In this case, AM/AM and AM/PM
conversion of PA at the carrier frequency characterize the PA within the
signal bandwidth [19].
3.2 Single Input PA Model
The transmitter in a traditional wireless communication system includes
one transmit path. Fig. 3.2(a) shows the block diagram of a single path
transmitter for PA modeling. The power wave terminology is used to describe
PA input and output. The usage of isolators and 50 Ω matching interfaces
between different components ensure one directional signal flow from input
to output. Therefore, the reflected wave in the opposite direction can be
ignored. Most of the published PA behavioral models are given in complex
baseband envelope descriptions [22]. Therefore, here we use similar notation
in which the incident and reflected power waves to the PA are presented in
the complex baseband envelop form.
The structure of a suitable PA behavioral model for the analysis of a
15
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single-chain transmitter is presented as
b(n) = f(a(n)), (3.1)
where b(n) is the PA output power wave and described as a function of the
power wave incident to the PA input a(n). The function f , characterizes PA
nonlinear behavior. Moreover, for simplicity in mathematical representation,
the dependency of b(n) to current and past samples of input waves, i.e.
f(a(n− 1), a(n− 2), ...) is not shown here and throughout the thesis. Such
a model is also valid for the multi-antenna transmitters if the RF paths are
isolated from each other.
Finding a suitable model structure has been an important research
topic. Many different types of functions have been proposed for the single
input PA model structure [23–26]. Volterra series model and the pruned
version of it i.e. polynomial, memory polynomial [25], generalized memory
polynomial [26] are among the most popular PA behavioral models. As
an example, we introduce a polynomial and a memory polynomial model.
The polynomial model, which is relevant for representing PAs with static
behavior is represented as
b(n) =
(P−1)/2∑
p=0
cpa(n)|a(n)|2p, (3.2)
where b(n) and a(n) are the baseband complex envelop of PA input and
output power waves. cp are the complex model coefficients and P is the
nonlinear model order. Only odd-order terms are present since the distortions
produced by the even-order components are far from the carrier frequency
and do not contribute to the PA output within its intended bandwidth [27].
The memory polynomial model for characterizing PAs with dynamic
behavior is formulated as
b(n) =
(P−1)/2∑
p=0
M∑
m=0
cpma(n−m)|a(n−m)|2p, (3.3)
where cmp are the model complex coefficients. P and M represent the
nonlinear model order and memory depth, respectively.
The presented models in (3.2) and (3.3) are linear in the coefficients.
Therefore, a least square solution can be used to estimate the model coeffi-
cients. The detailed description of the least square estimator is described in
Sec. 3.4.2.
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3.3 Dual Input PA Model
The transmitter in MIMO systems uses several RF transmit chains, each
of them including individual PAs to drive an antenna array. In modern
transmitters, bulky isolators between PA and antennas are avoided due to
the high level of integration and lack of spacing. Therefore, PAs become
susceptible to the waves leaking from other branches. Particularly, mismatch
and mutual coupling in the antenna array create a variable active load,
Γi, at the output of each PA, as described in Sec. 2.3. The variation in
the impedance seen by each PA affects the linear and nonlinear behavior
it exhibits. On these occasions, conventional PA models cannot perfectly
describe their behavior. Fig. 3.2(b) presents the block diagram for modeling
PA in a MIMO system. The PA output in k-th branch is described as
b2(n) = f(a1(n), a2(n)), (3.4)
where b2(n) is the PA output and described as a function of the two incident
input power waves, i.e a1(n), a2(n) in the k-th transmit path. Here, in
contrast to the previously explained single input PA models, f(.) is a
nonlinear mathematical function that describes the effects of amplification
as well as the effects of PA output load variation (Γi). (3.4) is referred to as
a dual input PA model.
Until now several dual input PA models have been introduced [28–38].
Zakka in [38] proposed a memoryless dual input PA model based on Poly-
Harmonic Distortion (PHD) [37] modeling approach to use in a macro
transmitter modeling. Fager, et al. [35] proposed a memory polynomial
dual-input model which is suitable for wideband signals. A load-dependent
model is proposed by Dhar, et al. [36] which accounts for PA behavior under
output load variation in MIMO arrays. In [31,34] a dynamic dual-input PA
model is developed which characterizes PA under mismatch at the input
and output. These PA models are not presented for the MIMO application,
but it can be applied in this context.
As an example, the structure of the memory polynomial dual-input model
proposed by [35] is presented here. This model is developed based on a
17
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third-order PHD model which includes memory effects.
b2(n) =
M∑
m1=0
P1∑
p1=1
cm1,p1|a1(n−m1)|2p1−1︸ ︷︷ ︸
S21(|a1|)
a1(n−m1)+
M2∑
m2=0
M1∑
m1=0
P2∑
p2=1
dm1,m2,p2 |a1(n−m1)|2(p2−1)︸ ︷︷ ︸
S22(|a1|)
a2(n−m2)+ (3.5)
M2∑
m2=0
M1∑
m1=0
P2∑
p2=2
em1,m2,p2a
2
1(n−m1)|a1(n−m1)|2(p2−2)︸ ︷︷ ︸
T22(a1)
a∗2(n−m2),
where (P1, P2) and (M1,M2) are the nonlinear model orders and memory
depth, respectively.
Similar to classical S-parameters definition, the term S21(|a1|) maps the
incident wave a1 to the wave b2. Likewise, S22(|a1|) maps a2 to b2 wave. S21
and S22 depends on the amplitude of the input wave. T22(a1) is a term that
depends on amplitude and phase of input wave and map conjugate of a2
wave to b2. The two last parts of (3.5) describe PA nonlinear behavior due
to the effect of waves coming from other branches and S21(|a1|) is showing
the large signal gain of the PA.
3.3.1 Using interpolation functions
So far, the presented models rely on specific mathematical representations
which are developed based on the knowledge about the PA behavior. In
many practical applications, the PA nonlinear characteristics are achieved
experimentally. Therefore, an adequate mathematical function may not be
easily found. The model, which is also useful for computer simulation, can
simply be a tabular representation of experimental data [19,39,40].
The other similar approach is to map the input-output data relationships
through an interpolation function. In this way, the data points in-between
the given measured ones can be estimated as well. Nowadays, computati-
onal software provides a variety of built-in interpolation functions such as
piecewise linear. Therefore, with adequate experimental data points, an
interpolation function can approximate the PA behavior without the con-
straint of a polynomial model, as described above. Piecewise interpolation
function, as an example, have the advantage to be equally accurate for all
points within the measured data range. Therefore, it can characterize PA
18
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Figure 3.3: Block diagram of a conventional load-pull measurement setup.
behavior for large mismatches with reasonable accuracy. In Paper [A], we
used a piecewise linear interpolation function to characterize the PA static
nonlinear behavior versus different output loading conditions.
Including memory effect in the interpolation model is not trivial. One
approach can be to develop an interpolation function that relates the instan-
taneous complex gain of PA to the instantaneous inputs and M preceding
samples (memory depth).
3.4 Model Identification
Once the model structure is specified, a set of measured or simulated data
representing the PA output versus known inputs is required to identify the
model. The measured data is used to obtain the model coefficients or to
develop an interpolation function. For single-input models, data collection
for model identification is relatively straight forward. However, for dual-input
models, load-pull is required to emulate a2 waves.
3.4.1 Load-Pull Measurements
In conventional load-pull experiments, a passive tuner changes the output
load impedance of the PA. The reflected wave back to the PA output, a2,
can be collected using directional couplers. Active load-pull instead uses
an adjusted signal to be injected to the PA output [41,42]. By measuring
the incident and reflected waves at the PA ports, the model coefficients or
interpolation function can be specified.
In Paper [A], we performed a passive load-pull measurement to deve-
lop the static interpolation function of the PA which is integrated into a
beamforming Integrated Circuit (IC). Fig. 3.3 shows the block diagram of
the load-pull measurement setup that was used. The input wave, a1, is in
this case a single tone continuous wave (CW) signal at 29 GHz frequency.
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Figure 3.4: a) Normalized delivered output power contours from load-pull
measurement at 29 GHz. Markers are Z1 = 115 + j4, Z2 = 11 − j12 and
50Ω. Gray points indicate loads used during load-pull characterization, b)
Normalized AM/AM for the different marked loads Z1, Z2 and 50 Ω. The
results are normalized to the small signal measurements with a 50 Ω load.
For each level of input power and specified tuner load, a2 and b2 waves at
the DUT interface are measured. Therefore, the AM/AM and AM/PM
characteristics of the PA have been measured for all specified tuner loads.
Fig. 3.4(a) shows the normalized delivered output power contours that
are obtained from the interpolated load-pull measurement data. Fig. 3.4(b)
presents AM/AM plots for three different tuner loads, i.e. Z1 = 115 + j4,
Z2 = 11 − j12 and 50 Ω. Plots are normalized to the gain values in the
linear working region for the 50 Ω loading. As one can see, both the behavior
and absolute levels of the AM/AM plots change with varying the loading.
Similar behavior is observed for AM/PM curves. More details about the
measurement scenario can be found in Paper [A].
3.4.2 Least Square Estimator
Once the measured data are collected, the least-square estimator finds the
coefficients of the models which are linear in coefficients e.g. (3.2), (3.3) and
(3.5) [43]. Generally, a PA model which is linear in coefficient is described as
a summation of weighted (model coefficients) basis functions. For N number
of PA input and output measured samples, the model can be written as
b = H(a)c, (3.6)
where b is a column vector containing the N measured samples of the PA
output i.e. b = [b(1)..., b(N − 1), b(N)]T . c is a column vector of the model
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coefficients. H(a) is a matrix containing the evaluated nonlinear model basis
functions based on known input samples, i.e. a(n)1.
The least-square estimate of the model parameters can be identified as
cˆ = (HTH)−1HTb. (3.7)
As described earlier, in Paper [A] we applied the measured data directly
to develop the interpolation function. However, it is possible to map the
measured data to a memoryless dual input polynomial model using the least
square technique [35].
3.5 Summary
In this chapter, an overview of PA behavioral modeling is given. First, the
basic characteristics of a PA are described to the reader. Single input and
dual input models were then presented for application in the transmitter
model. The use of an interpolation function for modeling is introduced
as an alternative to the typical polynomial based models. Finally, the
model identification method and measurements are discussed. PAs are one
major source of nonlinear distortion in the transmitter. In MIMO system
transmitters, PAs are subject to wave coming from other branches. Therefore,
developing new PA behavioral models suitable for transmitters in MIMO
systems is of major interest. The use of a proper PA model is crucial for
correct analysis of the active transmitter antenna array.
1For the dual input models, a set of a1(n) and a2(n) are used to evaluate the model
basis functions.
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Active Antenna Transmitter
Modeling
In this chapter, the analysis and modeling of active transmitter antenna
arrays is explained. As it is introduced in Chapter 1, the digital and
hybrid beamforming architectures are typical hardware configurations for
the transmitter in MIMO systems. Both architectures are equipped with
an active antenna array where each antenna element is excited with an
individual PA. It is, therefore, crucial to develop an efficient methodology for
the analysis of transmitters including several PAs and antennas interacting
with each other.
In this chapter, first, the importance of modeling for analysis of active
transmitter antenna performance is described. Then, possible modeling
approaches are introduced based on the different PA and antenna array
models described in Chapters 2 and 3. The description of different modeling
terminologies clarifies the contribution of this thesis in relation to other
published works. Our proposed modeling approach for hybrid beamforming
transmitters is described in the last section. The experimental results of
a 29 GHz active sub-array antenna and succeeding simulation study of a
large-scale hybrid beamforming transmitter are provided in the same section.
The chapter finishes with a summary.
4.1 Importance of Transmitter Modeling
The active transmitter antenna array consists of radiating antenna elements
and PAs. Each of them designed and simulated individually using EM
and circuit CAD tools such as Ansys HFSS, Keysight ADS, Cadence etc.
Antenna EM and active circuit CAD tools are developed for full-wave and
circuit-level simulation. However, when it comes to performing analysis
23
Chapter 4. Active Antenna Transmitter Modeling
on the transmitter-level, such a detailed simulation (in a co-simulation or
combined EM/circuit form) is neither feasible nor logical for large active
antenna arrays. Furthermore, using these tools limit the investigation to
the specific CAD capability and simulation results. For instance, EM and
circuit CAD tools cannot deal with modulated signals in an efficient way.
In [44–47] specific CAD-based approaches for the analysis of active antenna
arrays are proposed. However, the proposed methods are not applicable to
modulated signal analysis and transmitters serving large antenna arrays.
An efficient way to analyze an active transmitter antenna array is instead
to develop an analysis framework based on antenna array and PA behavioral
models. The PA and antenna array models are built from the measurement
or CAD-based simulation results. The individual models can be incorporated
into an active antenna analysis framework to model the transmitter behavior,
see Fig. 1.3. The purpose and application of the transmitter modeling
specifies the complexity of the antenna array and PA models representing
their behaviors.
The modeling of a transmitter helps to find a suitable description and
understanding of its behavior. The model can then be used to predict the
output of the transmitter for any specific input signal or to understand
observed measured results. Moreover, modeling is essential before imple-
menting the hardware. Having adequate knowledge about the transmitter
performance under realistic conditions helps to modify transmitter configu-
ration and building blocks if possible. The other advantage is that unwanted
transmitter output, such as nonlinear distortion can be predicted, and a
proper compensation approach can be developed correspondingly. Further-
more, with an accurate model different signal processing algorithms can
be evaluated which helps to avoid expensive and complicated measurement
setups and thus improves development speed.
4.2 Modeling Techniques
The first modeling approach in this section considers a transmitter with
isolated RF paths. In this active transmitter, antenna elements are weakly
coupled and mutual coupling can be ignored. The second model is proposed
for the transmitter with coupled RF paths, i.e. the mutual coupling bet-
ween antenna elements cannot be ignored and must be considered in the
transmitter analysis approach.
The terminology of this section is developed assuming that all PA and
antennas are working at the same center frequency. The digital preco-
ding/beamforming and linearization are performed in the digital signal
processing unit, see Fig. 1.3. Precoding/beamforming weights are calculated
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Figure 4.1: The modeling framework of active transmitter antenna array
with isolated RF transmit paths
based on the channel state information and by applying proper precoding
techniques such as zero-forcing or maximum ratio combining [48,49]. The
modeling formulation maps the signal incident to the PA (the baseband
complex envelop of incident power wave) to the radiated field signal, i.e.
the transmitter output. Here our focus is on evaluating radiated signal
characteristics. The radiated far-field signal provides valuable knowledge
about transmitter performance in all spatial directions as well as the user
directions.
4.2.1 Isolated RF paths
Fig. 4.1 shows the analysis framework of an active transmitter antenna array
with isolated branches. In this transmitter, the mutual coupling in the
antenna array and in general between the branches is negligible. Therefore,
as described in Sec. 3.2, a single input PA model is suitable for such a system.
For a transmitter with K branches the output of each PA is
b
(k)
2 (n) = fk(a
(k)
1 (n)), (4.1)
where a(k)1 (n) is the incident signal to the PA and b
(k)
2 is the PA output in
the k -th transmit path. fk(.) is the k -th PA behavorial model. A suitable
antenna array model for this transmitter is introduced in Sec. 2.1. The
array radiation pattern is calculated as (2.3). It is assumed that the antenna
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Figure 4.2: The modeling framework for active transmitter antenna array
with non-negligible antenna array mutual coupling.
elements and PAs are well matched to a 50 Ω interface. Therefore, the total
antenna array radiated field at the spatial direction rˆ and time instant n
can be calculated as
E(rˆ, n) = Eo0(rˆ)
K∑
k=1
b
(k)
2 (n)e
jkrk·rˆ, (4.2)
where b(k)2 (n) are the PA outputs which are antenna array excitations. The-
refore, using (4.2) the transmitter radiated field is
E(rˆ, n) = Eo0(rˆ)
K∑
k=1
fk(a
(k)
1 (n))e
jkrk·rˆ. (4.3)
For a weakly coupled antenna array, the elements radiation pattern, i.e.
Eo0(rˆ), are considered to be similar and equal to the isolated antenna element
pattern. The other terms in this equation have been introduced in Sec. 2.1.
4.2.2 Coupled RF paths
Fig. 4.2 shows the analysis framework for the active transmitter antenna
array with coupled antenna elements. The mutual coupling affects antenna
element radiation patterns and PA outputs. The suitable PA model for this
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transmitter is the dual-input model introduced in Sec. 3.3. In k -th transmit
path, the output of each PA is
b
(k)
2 (n) = fk(a
(k)
1 (n), a
(k)
2 (n)), (4.4)
where fk(.) is k -th PA dual input behavioral model. a
(k)
1 (n) and b
(k)
2 (n) are
the PA input and output signals. a(k)2 (n) is the incident signal to PA output
due to antenna array mismatch and mutual coupling which is determined
using the antenna array S -parameters, Sant, i.e.
a2 = Santb2, (4.5)
where a2 = [a
(1)
2 (n), a
(2)
2 (n), ..., a
(K)
2 (n)]
T and b2 = [b
(1)
2 (n), b
(2)
2 (n), ..., b
(K)
2 (n)]
T .
This model structure is suitable for antenna S -parameters that are flat over
the signal bandwidth. For frequency-dependent antenna behavior, finite
impulse response (FIR) filters representing antenna mismatch and coupling
can be used, as in [50]. It is important to jointly solve (4.5) and (4.4) to
find correct values for b(k)2 . As described in Sec. 2.3, each antenna element
radiated field is affected by mutual coupling. Therefore, the isolated element
radiation pattern is not applicable and the embedded element pattern must
be used. When the correct values of b(k)2 are found, the total radiation field
is calculated as
E(rˆ, n) =
K∑
k=1
b
(k)
2 (n)E
em
k (rˆ), (4.6)
where Eemk (rˆ) is the embedded element pattern of the antenna connected to
the k -th PA. In an active transmitter antenna with coupled antenna elements,
it is not trivial to find incident signals to the antenna elements. In k-th
branch, b(k)2 depends on both the mismatch and the mutual coupling in the
antenna array side as well as PA input signal. Two incident waves into the
PA, a(k)1 and a
(k)
2 , determine the output signal of the PA, b
(k)
2 , which is also
the incident wave to the k-antenna element. Implementing the interactions
between the antenna array and PAs is critical for correct analysis of the
active transmitter antenna array performance.
Fager, Barradas and Zakka, et al. [38, 50–52] proposed techniques where
the interaction between PA and antenna array are solved to find the value
of the signal at the PA and antenna interface, i.e. b(k)2 .
Barradas et al. [52] implemented the PA and antenna S -parameter models
in a MATLAB Simulink scheme such that the signal returning from a antenna
array element, i.e. a(k)2 , is fed back to the dual input PA model. In this way,
a joint analysis scheme is provided for the transmitter performance.
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In [38], the antenna active impedance is considered as PA output load.
PA outputs, b(k)2 , are determined using a dual input PHD models. Fager, et al.
[50,51] developed a transmitter model which is formulated as b = f(a,Sant).
In this work, proposing a closed-form analytical solution is possible since
the applied PA model is linear with regards to the a2 waves. Providing
an analytical solution is not straightforward for the transmitter with more
complex PA models.
4.3 Proposed Modeling Technique
The complexity and cost of digital beamforming architectures at mmWave
frequency bands, promotes the use of hybrid beamforming MIMO systems.
Therefore, in Paper [A], we developed a hardware-oriented model for hybrid
beamforming transmitters. In this section, the proposed modeling technique
is described. The proposed model can be used in both digital and hybrid
beamforming architectures. However, the notation is developed for the
hybrid beamforming transmitter case.
4.3.1 Model Algorithm
Fig. 1.2 shows the block diagram of a typical hybrid beamforming trans-
mitter. In this configuration, beamforming is divided in digital and analog
beamforming domains. The hybrid beamforming transmitter has K RF
transmit paths, each of them connected to an L-channel beamforming IC.
Amplification and phase shifting is performed to the output channels via ana-
log beamforming ICs. In total, there are LK RF output channels connected
to the large-scale antenna array. Fig. 4.3 shows the analysis framework
for the hybrid beamforming transmitter. It is assumed that antenna array
mutual coupling cannot be ignored. Here, instead of a PA, the model for
the k-th channel of beamforming IC is described as
b
(k,l)
2 = f(k,l)(a
(k)
1 , a
(k,l)
2 )e
jφ(k,l) , with l = 1 : L, k = 1 : K, (4.7)
where the signal a(k)1 is the common input to the channels of the k -th
beamforming IC. a(k,l)2 is the incident wave to the output of l -th channel of the
k -th beamforming IC. φ(k,l) is the analog beamforming phase shifts. f(k,l)(.)
is the interpolation dual input model of l -th channel of k -th beamforming IC.
The interpolation models are introduced in Sec. 3.3.1. The antenna array
model is similar to the one used in Sec. 4.2.2. Therefore (4.5), S -parameters,
represents antenna array mismatch and mutual coupling and (2.9) stands for
antenna array radiated field. In Paper [A] we propose an iterative algorithm
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Figure 4.3: The modeling framework for a hybrid beamforming transmitter.
to find b(k,l)2 , see Algorithm 4.1. The iterative algorithm starts with the
assumption of no reflection and no mismatch at the beamforming IC outputs,
i.e. a(k,l)2 = 0. In each iteration, (4.7) and (4.5) are evaluated. After a few
iterations, Nitr, the algorithm converges to a steady value for a
(k,l)
2 .
Once b(k,l)2 are found, the total radiated field is calculated as
E(rˆ) =
K∑
k=1
L∑
l=1
b
(k,l)
2 E
(k,l)
em (rˆ), (4.8)
where E(k,l)em are embedded element patterns of the antenna elements. For
evaluating hybrid beamforming transmitter performance with modulated
signal inputs, the algorithm is executed per time step n.
About Active Impedance
The changes in the impedance seen by each PA, which is the antenna active
impedance, impact its output and consequently the antenna array radiated
signal. In Sec. 2.3.2 the active impedance is introduced assuming ideal array
excitation. The actual antenna active reflection coefficient, which takes into
account the impacts of the antenna array and PAs interactions, is calculated
as
Γ
(k,l)
actual =
a
(k,l)
2
b
(k,l)
2 (a
(k)
1 , a
(k,l)
2 )
, (4.9)
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Algorithm 4.1 Iterative algorithm to obtain beamforming IC output
Input:
a
(k)
1 Input signals
f(k,l) Beamforming IC channels interpolation model
Sant Antenna array S-parameters
φ(k,l) Analog phase shifts
a
(k,l)
2,0 = 0 Algorithm initialization (i = 0)
for i=1 to Nitr do
for all k do
for all l do
b
(k,l)
2,i = f(k,l)(a
(k)
1 , a
(k,l)
2,i )e
jφ(k,l)
end for
end for
b2 = [b
(1,1)
2,i , ..., b
(1,L)
2,i , b
(2,1)
2,i , ..., b
(K,L)
2,i ]
T
a2 = Santb2
with
a2 = [a
(1,1)
2,i+1, ..., a
(1,L)
2,i+1, a
(2,1)
2,i+1, ..., a
(K,L)
2,i+1 ]
T
i = i+ 1,
end for
Output:
b
(k,l)
2 Output signals for all n, l = 1 : L and k = 1 : K.
where b(k,l)2 are achieved from Algorithm 4.1. In Paper [A], the active
reflection coefficient obtained from (4.9) of the evaluated hybrid beamforming
subarray module shows considerable difference relative to the traditional
case, where PA load dependence is neglected.
4.4 Evaluating a 29 GHz Hybrid Beamforming
Subarray Module
The accuracy of the proposed method explained in Sec. 4.3 was evaluated
using measurements of a 29 GHz hybrid beamforming transmitter subarray
module. To assess the subarray module performance, first the beamfor-
ming IC and the subarray antenna were characterized. Then the proposed
iterative algorithm predicts the subarray module performance for various
beam steering scenarios. As introduced in Sec. 2.2, the beam steering means
applying proper phase-shifts to antenna element in a way the antenna beam
is steered to different directions. Next, over-the-air (OTA) measurements
were performed to validate the predicted results in terms of the radiation
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Figure 4.4: Hybrid beamforming transmitter and its building blocks. a) Sub-
array module, b) Beamforming IC block diagram, c) Picture of implemented
subarray module, d) Evaluation board of the quad channel beamforming IC.
pattern and far-field nonlinear distortion.
The validation measurement in Paper [A] was performed for the beam
steering scenario. However, modeling can be applied to a hybrid digital and
analog beamforming scenario when proper digital and analog weights are
applied to the transmit signals.
4.4.1 Hardware Configuration
Fig. 4.4 (a) shows the hardware configuration of a typical hybrid beamforming
transmitter and its building blocks. The transmitter’s building blocks are
2× 2 subarray antennas, which are driven by individual beamforming ICs.
A beamforming IC is a multi-channel component that includes Tx/Rx
blocks integrated into an RF frontend. The TX/RX blocks include phase
shifters, T/R switches, attenuators, PAs, and low noise amplifiers, see Fig. 4.4
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Figure 4.5: Block diagram of the setup for a) far-field signal distortion
measurement, b) radiation pattern measurement.
(b). A typical hybrid beamforming transmitter employs beamforming ICs
for applying independent analog beamforming weights to each of the output
channels.
In Paper [A], the test case is a subarray module consist of 2× 2 planar
microstrip patch antenna array which is connected to an evaluation board of a
quad-channel beamforming IC from NXP semiconductors. The beamforming
IC operates at 26.5-29.5 GHz. In the transmit mode, it consists of one input
and four RF output channels. The 2×2 subarray antenna includes rectangular
microstrip patch elements working at 29 GHz frequency. Fig. 4.4 (c) and (d)
show the picture of the tested subarray module and the beamforming IC
evaluation board.
4.4.2 Experimental Setup and Scenarios
The beamforming IC and antenna subarray must be characterized to eva-
luate the subarray module performance. As described in Sec. 3.4.1, the
beamforming IC model was identified using passive load-pull measurements
performed at 29 GHz. The static behavioral model of the beamforming
IC channels was obtained using a MATLAB linear interpolation function.
The measured antenna array S -parameters and EM simulated embedded
element patterns were used in the modeling framework shown in Fig. 4.3.
The highest measured coupling happened between side by side elements,
and was around -12 dB. The antenna array and load-pull characterization
procedure are described in details in Paper [A].
Over The Air (OTA) measurements, were performed to validate the
proposed transmitter modeling approach. Fig. 4.5 shows the block diagram
of the OTA measurement setup. It includes the 2 × 2 subarray module
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as the transmitter, a single antenna as the receiver and a VNA for signal
generation and reception. The input to the subarray module is a single tone
signal at 29 GHz generated by the VNA.
In one measurement scenario, the distortion of the radiated signal was
evaluated versus different steer angles. Fig. 4.5(a) shows the the OTA block
diagram for assessing far-field nonlinear distortion. The subarray module,
as the transmitter, is set to steer the beam to |Azs| < 80◦, |Els| < 75◦. The
input power swept from -22 to 3 dBm to push the PAs of the beamforming
IC a few dB into compression. The OTA measurements of AM/AM and
AM/PM are used to characterize the radiated signal distortion in the far-field.
In another scenario, the transmitter was set to steer the beam toward
three specific steer angles. For each steer angle, the radiation pattern in
the x-z plane was measured. In this scenario, the transmitter antenna was
rotated along its vertical axis, The relative values of the received power
versus rotation angle is the radiation pattern. Fig. 4.5(b) illustrates the
block diagram of radiation pattern measurement scenarios. Both measure-
ment scenarios can be used to effectively validate the proposed transmitter
modeling.
4.4.3 Experimental results
The experimental results related to the scenarios explained in Sec. 4.4.2 are
presented here. Results include radiation pattern and AM/AM and AM/PM
distortions in the far-field.
Far-Field Signal Distortion
The OTA measured AM/AM and AM/PM distortion results correspond
to the amplitude and phase of the received signal versus input power to
subarray module, see Fig. 4.5(a). The amplitude and phase variation of
calculated far-field radiation pattern represents the modeled AM/AM and
AM/PM distortion. The difference between small signal and peak power
gain and phase is denoted as amplitude and phase compression to quantify
the AM/AM and AM/PM distortion behavior with two single values.
Fig. 4.6 shows the normalized received power together with amplitude
and phase compression variation in the far-field for different azimuth and
elevation steering angles, |Azs| < 80◦, |Els| < 75◦. The measured results
shows that nonlinear distortion depends significantly on steering angle. The
RMS error of amplitude and phase compression values is about 0.18 dB and
1.6 degrees respectively. In general, the difference between the predicted and
measured results is acceptable considering uncertainties in the measurement
setup. In Paper [A] more details about the validation results are presented.
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(a) (c) (e)
(b) (d) (f)
Figure 4.6: Normalized received power together with amplitude and phase
compression variation in the far-field for different azimuth and elevation
steering angles, |Azs| < 80◦, |Els| < 75◦. Normalized received power: a)
OTA experiment b) Simulation. Amplitude compression: c) OTA experiment
d) Simulation. Phase compression: e) OTA experiment f) Simulation. The
RMS error between simulation and measurement of the amplitude and phase
compression is 0.18 dB and 1.6 degrees, respectively.
Far-Field Radiation Pattern
Fig. 4.7 shows the measured and simulated radiation pattern for steered
angles Els = 0◦, Azs = −30◦, 0◦. The input power is 0 dBm and with this
power, the PAs are in compression. Prediction results were obtained from
(4.8) using simulation based embedded element patterns. The nonlinearity
effects on the radiation pattern were not significant for this subarray antenna.
In [46], an unwanted sidelobe appears due to PA nonlinear effect on the
antenna array performance. The nonlinear PA and antenna interactions
have a significant influence on the signal distortion as is shown in Fig. 4.6.
The presented method is effectively validated with a single tone CW measu-
rement. However, it can also be used to investigate the dynamic nonlinear
behavior of the modulated signal if the signal bandwidth is relatively low. A
requirement is then that the antenna array and beamforming IC should have
relatively constant characteristics within the signal bandwidth, as explained
in Sec. 3.1.1.
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Figure 4.7: H-plane radiation pattern (El = 0◦) versus steered angle: a)
(Azs, Els) = (−30◦, 0◦), b) (Azs, Els) = (0◦, 0◦), The red dashed line shows
the boresight angle.
4.5 Transmitter Linearity Study
Linearity is a crucial requirement for any wireless transmitter. Therefore,
linearization algorithms, with a focus on DPD, are part of most MIMO
system transmitters. A variety of DPD techniques have been proposed to
compensate transmitter nonlinearity in MIMO systems [53–59]. For hybrid
beamforming transmitters, beam-dependent DPD schemes have shown to be
an efficient solution [53,55,56]. Therefore, it is important to assess transmitter
performance in conjunction with DPD through a reliable transmitter model.
This helps in the process of developing DPD techniques as well as designing
suitable active antenna arrays for transmitters employing DPDs.
In this section, different large-scale hybrid beamforming transmitters
are evaluated from a linearity perspective through a simulation study. The
linearity is being evaluated for a beam steering scenario using the proposed
algorithm in Sec. 4.3. Therefore, all subarrays are assumed to have a common
input signal. An ideal beam-dependent predistorter is designed based on the
predicted far-field static nonlinear distortion. The behavior of the linearized
transmitter is evaluated for all steered beams. The inputs to the transmitter
model algorithm, such as the antenna array S-parameters and embedded
element patterns, are extracted from EM simulations. The beamforming IC
is the one that was characterized in Sec. 3.4.1. The focus of this section is not
on developing a linearization or DPD technique. This study is performed to
demonstrate the potential of our proposed method for the linearity analysis of
large-scale hybrid beamforming transmitter systems where beam-dependent
DPD is applied.
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Figure 4.8: a) Structure of hybrid beamforming transmitter utilizing an ideal
predistorter. b) The conceptual representation of the transmitter transfer
AM/AM and AM/PM function and corresponding pre-distorter.
4.5.1 Ideal predistorter
Fig. 4.8 illustrates the conceptual representation for developing the pre-
distorter AM/AM and AM/PM functions. The considered ideal predistorter
is designed to linearize the transmitter for one specific beam direction,
i.e. (Azt, Elt). First, the transmitter radiated far-field is evaluated for the
target steered beam (Azt, Elt). E(Azt, Elt, |a1|) is obtained by applying the
method described in Sec. 4.3. The power of the input signal is swept until
the transmitter is a few dB in compression. The ideal pre-distorter function
is obtained by swapping input and output of the E(Azt, Elt, |a1|) function.
|E(Azt, Elt, |a1|)| as the input, and |a1| as the output are interpolated
to obtain the predistorter AM/AM function. The AM/PM pre-distorter
function is the minus of ∠E(Azt, Elt, |a1|).
4.5.2 Simulation results
Hybrid beamforming transmitters with two antenna array configurations
(Nx × Ny), 8 × 8 and 16 × 4, are designed in CST and studied here, see
Fig. 2.2 for the antenna configuration. The coupling level is -12 dB and -20 dB
between elements in x and y direction, respectively. Each 2 × 2 subarray
antenna are driven by individual beamforming ICs. The beamforming IC is
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the one characterized in Sec. 3.4.1.
The behavior of the beamforming transmitter combined with the ideal
pre-distorter is evaluated for all beam steering cases. Eˆs(n) is the desired
far-field signal at the time instance n. Es(n) is the farfield signal at the main
beam of each individual steered beam. A single carrier LTE communication
signal with an 8.5 dB Peak-to-Average Power Ratio (PAPR) and 20 MHz
bandwidth is selected as Eˆs(n). The normalized mean square error (NMSE)
is considered as the figure of merit for evaluating the linearity of each steering
beam. The NMSE is calculated by:
NMSE =
∑N
n=1 |αEs(n)− Eˆs(n)|2∑N
n=1 |αEs(n)|2
, (4.10)
where N is the total number of time samples. α is a complex scaling factor
which is calculated for each steered beam to eliminate the effects of gain
and output power variations in different steering directions.
The 16 × 4 transmitter is linearized for the steer angles (Azt, Elt) =
(0, 0)◦, (50, 0)◦, (30, 25)◦, and the 8×8 transmitter is linearized for (Azt, Elt) =
(0, 0)◦. Fig. 4.9 shows the linearity (NMSE) of the linearized transmitters for
steered beam |Azs| < 80◦, |Els| < 75◦. In each configuration, in the direction
(Azt, Elt) the transmitter with ideal predistorter is ideally linear. It can be
seen that the array configuration and coupling level between elements in
x or y direction affects the linearity variation. In this study, the nonlinear
distortion is very low for all cases and steered beams. However, the NMSE
variation between different beams is significant. The other observation is
that linearity has a diagonal symmetry behavior. This happens because
beams at (Azs, Els) and (−Azs,−Els) are identical for an equally spaced
ideal rectangular array.
Generally, the linearity behavior relies on the specific beam direction
which is aimed to be fully linearized [53, 55, 56]. This is an important
observation which should carefully take into account for a transmitter in the
design stage.
4.6 Summary
In this chapter, the existing approaches for the modeling of active transmitter
antenna arrays are introduced. The proposed modeling approach and its
iterative algorithm are explained, and validation experimental results are
presented. Finally, the proposed transmitter analysis method is applied to
predict the linearity of large-scale transmitters when an ideal beam-dependent
linearization is used.
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Figure 4.9: Nonlinear distortion in the far-field versus steering angle for a)
8× 8 array linearized for the beam at (Azt, Elt) = (0, 0)◦, b) 16× 4 array
linearized for (Azt, Elt) = (0, 0)◦, c) 16× 4 array linearized for (Azt, Elt) =
(50, 0)◦, and d) 16× 4 array linearized for (Azt, Elt) = (30, 25)◦. The results
are presented in terms of normalized mean square error for an LTE signal
with 8.5 peak-to-average power ratio. The white filled star represents the
direction that the beam-dependent DPD is optimized for.
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Conclusions and Future Work
MIMO systems utilize active transmitter antenna arrays for higher energy
efficiency, higher capacity and increased flexibility. The performance analysis
of any transmitter is crucial before implementing it. Due to a large number
of PAs and antennas, the analysis of a MIMO system transmitter is more
challenging compared to traditional transmitters. In addition, isolators are
too bulky and cannot typically be used in mmWave active antenna arrays.
Therefore, the interaction between the antenna array and PAs becomes
more critical for transmitter modeling. The coupling and mismatch in the
antenna array change the PA output load and consequently the output
signal. The PA outputs variation affects the total antenna array radiated
signal. Therefore, a newly adapted analysis framework that includes such
interactions is required for active transmitter antenna arrays analysis.
In this thesis, we have combined the nonlinear PA model with antenna
array characteristics in an iterative algorithm to model the active transmitter
antenna array performance. The transmitter model considers PA and antenna
array interactions which are significant in mmWave MIMO transmitters.
The model is based on the interpolation of load-pull measured data and is a
feasible method for modeling at mm-wave frequencies.
The reliability of the proposed modeling approach has been validated
using the measurement of a mmWave hybrid beamforming transmitter
subarray module for a beam steering scenario. The OTA measurement
results prove the validity of the model as both radiation pattern and far-field
distortion are in good agreement with simulation results. The potential of
the method is demonstrated with the analysis of large-scale transmitters in a
realistic beam-linearized application scenario. The proposed linearity analysis
is beneficial for assessing DPD techniques and evaluating the performance
of transmitters employing DPDs.
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5.1 Future Work
The topic of transmitter modeling still presents several possible directions
for future work. A variety of investigations about PA and antenna array
different characteristics on the transmitter performance can be performed.
These characteristics can be antenna array configuration, mismatch, and
mutual coupling level as well as PA nonlinearity and load-dependency. The
transmitter performance includes nonlinear distortion, radiation pattern,
and output power. For instance, the effect of regular and irregular antenna
arrays can be studied on the transmitter linearity. This investigation leads
to find a suitable antenna array configuration for improving transmitter
linearity performance. In general, such investigations can provide design
guides and criteria for developing antenna arrays and PAs.
The small physical dimension of mmWave active antenna arrays together
with the utilization of low-efficiency PAs, create significant thermal issues for
mmWave MIMO transmitters [60–62]. Among transmitter components, PAs
are highly temperature-dependent devices which also contribute significantly
to heat dissipation. Therefore, it is crucial to incorporate PA thermal
behavior into the transmitter analysis framework. For this purpose, the
adapted electro-thermal model of PAs can be exploited for developing a
multi-physics transmitter model.
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